Abstract:
The understanding of boiling heat transfer is critical for many engineering applications. One specific area in this field that is not well understood is the boiling of dilute emulsions. A possible application for boiling of dilute emulsions is in the cooling of high heat flux electronics. Initial investigations show an increase in boiling heat transfer coefficients but a slight decrease in natural convection heat transfer coefficients. Emulsions of ) and pentane ( in water ( are mixed at volume fractions of 0.1% and 0.5% and bulk temperature of 25°C. Pool boiling heat transfer coefficients are reported from a heated 1008 steel strip submerged in the emulsions. The strip is oriented horizontally with its longest remaining dimension oriented vertically effectively creating a heated vertical plate.
A dilute emulsion is characterized by its dispersed and continuous components, which make up a minority and majority by volume, respectively, of the emulsion. It is observed that less superheat is required to initiate boiling of the emulsion, but that significantly more superheat is required than should be 
Introduction:
The study of boiling heat transfer is equal in importance to forced and natural convection heat transfer. Boiling occurs regularly in devices of engineering interest: electrically resistive heating elements in hot water tanks, industrial power boilers, chemical processing, nuclear reactors, and cooking.
The simultaneous existence of two phases of the fluid medium differentiates boiling from other conduction-advection (convection) processes and results in a physical process that is more complicated to describe analytically. Heat transfer coefficients orders of magnitude larger than classical convection are observed in practice, so the understanding of such processes is desirable.
Boiling may occur when a liquid is exposed to a surface whose temperature is maintained at or above the saturation temperature of that liquid.
When this heated surface is submerged below the free surface of a liquid, the resultant boiling is termed pool boiling In this region heat is conducted away from the bubbles rapidly enough such that it causes them to condense in the liquid pool and prevents them from rising to the free surface.
III. Nucleate boiling. Bubbles do not condense in the pool; they have enough energy to rise to the free surface.
IV.
A maximum heat transfer coefficient is reached before transition to film boiling occurs. At this point a film of vapor is observed to exist on the heated surface. There is a temperature gradient in this vapor film which acts as a resistance to heat transfer, so the heat transfer coefficient decreases. (Mori, Inui, and Komotori, 1978) with a great deal of further study carried out by Bulanov and coworkers Gasanov, 2007, 2008 This study is entirely intended to add to the small, but expanding, experimental database of heat transfer experiments boiling dilute emulsions.
Literature Review
Modeling a multiphase flow introduces analytical and computational challenges. Most multiphase flow solutions have been approached numerical by computational fluid dynamics (CFD). There are typically three approaches to CFD when solving a multiphase flow: direct numerical simulation (DNS),
Euler-Euler, and Euler-Lagrange (Rusche, 2002 ). An excellent graphical and narrative description of the different approaches is described by Roesle (2010) .
In a dispersed, multiphase flow there are many surfaces to track, and, therefore, DNS is almost always too computationally intensive for solving practical engineering problems within a reasonable timeframe or with limited computing resources. There exist modeling limitations and challenges for choosing an
Euler-Euler modeling approach to multiphase flow, all of which are discussed extensively by Roesle (2010) . A literature review of the computational modeling of emulsions is not covered under the scope of this paper. However, a discussion of some experimental studies and a basic theoretical model of the boiling of dilute emulsions follow.
Various emulsion heat transfer studies have been performed over the past few decades. To date the mechanism and modeling of heat transfer in dilute emulsions is being studied, but certainly not as aggressively as other areas of heat transfer. Therefore, the amount of data available for review is limited, and the investigators in this field appear over and over again in the literature. As such, many of the same works reviewed by Roesle apply to this study and the information presented here is an abbreviated summary of the more in-depth review covered in Roesle's paper.
Early studies of emulsions were carried out by Mori, Inui, and Komotori (1978) . These studies looked at oil in water emulsions with water concentrations of 10 to 95%. At these concentrations the emulsions are not considered dilute. Oil is the high boiling point liquid and was used with emulsifiers to create stable emulsions. The heat transfer coefficients of the emulsions were better or worse depending on the concentration of the emulsion.
The type of oil used had little effect. Most notable was the observation that high amounts of superheat were needed to boil the dispersed water component.
Spontaneous nucleation was required to boil the droplets since the water was not usually in direct contact with the heated surface. (Bulanov, Skripov, and Khmyl'nin, 1984; Bulanov, Gasanov, and Turchaninova, 2006) . They find that a high degree of superheat is required to boil the dispersed component, but that heat transfer coefficients were always higher than with just the continuous component. (1) thermostat, (2) glass cylinder, (3) platinum wire, (4) resistance box, (5) electric current source, (6) digital voltmeters, (7) potential leads, (8) reference resistance coil, (9) thermocouple (Bulanov, 2006) .
Nucleate boiling was observed without transition to film boiling.
Bulanov et al. also investigated the effect of droplet size and found that the degree of superheat required for boiling to initiate decreased with increasing droplet size, but once initiated the heat transfer coefficient had little dependence on the droplet size (Bulanov, Skripov, Gasanov, and Baidakov; 1996) . Bulanov (2001) developed a simplified model of boiling dilute emulsions based on experimental results. He assumes that each emulsion droplet boils randomly inside the thermal boundary layer, so boiling does not depend on contact with the heated surface. He assumes that the temperature profile of the boundary layer is linear, for purposes of calculating its thickness;
however, for purposes of calculating the nucleation rate, he assumes the temperature is uniform. The energy to boil a droplet comes from the surrounding fluid in the boundary layer which decreases the temperature of the boundary layer directly surrounding a droplet. He modeled the heat transfer to a droplet as, (2.1) where is the effective nucleation rate, is the volume of a droplet, is the volume fraction of the emulsion, is the thermal boundary layer thickness, A is heated surface area, and the expression is the probability that a droplet boils during residence time in the boundary layer. A residence time is calculated by assuming the bubbles are small enough to analyze the particle as if they're subject to Stokes Drag, (2.2) where Ar is the Archimedes number of the bubbles. Bulanov then expresses the boiling Nusselt number, (2.3) Here the Prandtl number is a function of mixed properties and expressed, (1) pure water, emulsified droplets of (2) R-113, (3) water, (4) pentane, and (5) ethanol. (Bulanov and Gasanov, 2008 
Experimental Apparatus and Design:
The apparatus used for these experiments is the same used by Roesle bar assembly Fig. 3 .1 that holds the heated material below the free surface of the pool. There are two 0.25 in. square copper rods that extend below the surface of the pool; these rods supply power to the strip or wire under study. With the current known the voltage across the heated strip can be used to calculate the power being dissipated by the strip, In Roesle's experiment a 101 μm diameter (38 AWG) round copper wire was submerged in a pool of emulsion. In the present study a steel strip is submerged to observe the heat transfer differences in the emulsion on a flat surface versus a horizontal cylinder. A 300W power supply is used to heat the strip, and the strip is made of 1008 steel which has a very similar thermal coefficient of resistivity (TCR) to copper. The Thermal Coefficient of
Resistivity is a measure of how much the resistivity of a material changes with temperature. Resistivity is simply the electrical resistance of a material that is independent of geometry. The resistivity is defined, (3.4) Although the resistivity of a material does not depend on geometry it is a function of temperature, and the TCR is the slope of such a function. The TCR is roughly linear over a range of temperatures for many materials. In this experiment, the TCR is used to calculate the surface temperature of the metal strip. The TCR is defined, (3.5) Table 3 .1 shows a comparison between the TCR of copper, 1008 steel, and a variety of stainless which was another option for the experiment. In reality other types of steel meet the above criteria; however, 1008 steel was chosen because it is readily available, common in a range of thin sheet stock, and is easy to work with. It also has a resistivity that is 10 times greater than copper. The geometry of the strip can also be easily manufactured with a large enough surface area without having to use an aggressively sized power supply. The power supply being used grants a maximum of 30A at 9VDC as advertised which should deliver 270W at maximum output. Roesle was able to obtain around 240W at 28.7A and 8.5VDC. To achieve the highest heat fluxes possible utilizing the same power supply, it is desirable to match the resistance of the copper wire at the temperature where the highest power draw on the power supply was observed. In Roesle's experiments 240W of dissipation was observed at a wire temperature of 127°C. If a strip with too low of a resistance is used, then the power supply is current limited at 30A. If the resistance is too high, then it is voltage limited at 9 VDC. If either of these conditions occurs, the power supply will not be used effectively and a lower than desired power dissipation will result. Using Ohm's law, it can be shown that Roesle observed a resistance of 0.3 Ω at 127°C. Rearranging Eq. (3.5) gives, (3.6) Rearranging Eq. (3.4), (3.10) where L is the distance between the bus bars (10 cm in the apparatus). The cross-sectional area required is then, (3.11) Table 3 .2 shows a few combinations of thicknesses and widths that meet the cross-sectional area criteria. burnout of the power supply could result. Ultimately, it would be good if the strip can't dissipate as much as the power supply is able to deliver. By doing so it will ensure that boiling can initiate and the load on the power supply at the initiation point is not 100%. A natural convection heat transfer coefficient is easily calculated from correlations in any heat transfer text. Churchill and Chu (1975) suggest Eq. (3.12) for a laminar range of Raleigh numbers over a vertical heated strip at isothermal conditions. Despite the high temperature of the strip, it is small enough that the laminar condition is always met and can also be assumed as an isothermal surface. The Prandtl and Raleigh numbers are evaluated at a film temperature which is defined, (3.13) The average Nusselt number is defined, (3.14) respectively. This is good, because it is known that with the resistance of the strip at 127°C the power supply is capable of nearly 240 W. At this point any of strip width meets the need of the experiment. A strip at a width of 0.053 in. and thickness of 0.002 in. was chosen for the following reasons: the width associated with the 0.002 in. thickness will give a larger heat flux than the 0.001 in. shim stock but still maintains a high width to thickness ratio. If the width to thickness ratio gets too small, then the strip will begin to act like a heated bar rather than a flat plate. Furthermore, the thermal and hydrodynamic boundary layers will not develop in the same way, and leading and trailing edge effects of fluid flow could be greatly influential on the heat transfer results. Furthermore, 0.002 in. shim stock is easy to work with without being flimsy, and small metal shears exist to be able to cut the material to the desired width very precisely while maintaining a clean leading edge. There were complications cutting 0.003 in. and 0.004 in. shim stock to widths of 0.035 in. and 0.027 in., respectively, because the strips would curl while being sheared. The curling gave a very unclean leading edge of the strip.
The resistance of the strip needs to be accurately checked at a known temperature before each experimental run. Measuring the resistance is accomplished by attaching a strip to the apparatus and submerging it in a pool of emulsions before each trial run. The emulsion temperature was measured with a thermocouple tree containing four Type E thermocouples. The strip was allowed to equilibrate to the temperature of the pool, and the resistance was Where is the volumetric heat generation rate. There exists a dependence of on resistance, which varies with temperature, but the electrical current is the same throughout the entire strip. The power dissipation of the wire is, Dividing Eq. (3.18) by the elemental volume in Fig. 3 .7 we get the definition for , (3.19) Substituting the definition for , Eq. (3.6), gives as a function of temperature, (3.20) Plugging Eq. (3.20) into Eq. (3.16) and simplifying gives, (3.21) where the constants are defined, The solution to Eq. (3.21) is, (3.26) There are two boundary conditions at, and , Fig. 3 .6. The constants and can be solved for by applying boundary conditions to Eq.
(3.26) and yield the final solution to the differential equation, (3.27) For most of the conditions in the experiment is large; therefore, the denominator of the hyperbolic cosine function is typically much greater than the numerator. Therefore, the wire has a mostly uniform temperature, and only near the ends does the temperature differ much from the centerline temperature of the strip.
The centerline temperature of the strip is designated, (3.28) Because of the temperature variation in the strip, the resistance varies also. The resistance of the strip is, (3.29) Combining Eq. (3.6) with Eq. (3.29) gives, (3.30) Using the definition , (3.31) The solution for Eq. (3.26) can be combined with Eq. (3.31), (3.32) and integrated to yield, (3.33) where is defined, (3.34) Because is large for these experiments, , and Eq. (3.33) can be rewritten, (3.35) Now using Eq. (3.5) an expression for wire temperature can be established, (3.36) Equation (3.36) can be combined with Eq. (3.1) to get an expression for wire temperature in terms of measured values, (3.37) To get an expression for the temperature at the centerline of the wire Eq. (3.35)
can be combined with Eq. (3.36), (3.38) Away from the bus bars and close to the middle of the wire, heat conduction along the longitudinal axis of the wire is very small, so the local, centerline heat flux can be defined, (3.39) and the heat transfer coefficient at the midpoint can be defined, 
Uncertainty analysis and calibration:
Because the equipment and data acquisition are the same used by Roesle The largest deviation in process from Roesle's experiments is that in this study the bulk temperature was monitored throughout the experiment and the heat transfer coefficients calculated were based off a measured instead of the initial temperature of the fluid and temperature of the heated surface. Because of the small size of the pool, the temperature of the liquid was found to rise as much as 6 °C between the beginning and end of the experiments. Experiments only take a few minutes to complete.
Future work:
It was observed that natural convection heat transfer coefficients were reduced with dilute emulsions. Investigation into the reasoning behind the reduction in heat transfer coefficients is merited. Numerical modeling of the heat transfer from a heated strip was never completed and could be advantageous for a comparison of the results. Furthermore, additional experiments using different emulsions, emulsion bulk temperatures, and material type and geometry should be carried out. 
Conclusion

